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ABSTRACT
The use of 3D scans is becoming more and more common in the field of
bioarchaeology. They alleviate the need to travel, allow for larger sample sizes, and can
help preserve bones with pathologies on them which make them more fragile. Though
there are major benefits with using 3D scanning of human remains, there is a lack of
studies which examine whether or not traditional pathology scoring methods can be used
to consistently gather the same data from these 3D scans. This project examines how
consistently six researchers of varying experience levels scored porotic hyperostosis from
25 3D scans on three separate days. Intraobserver and interobserver error tests were
performed to determine if there were any patterns in the researchers’ scores. In addition,
the data for each of the 25 scans were examined to determine if the quality of the scans
influenced the consistency of the researchers’ scoring patterns. Though some patterns
such as the most experienced researchers having lower levels of intraobserver error did
emerge, all six researchers had low consistency scores. This may stem from the use of
less severe pathologies in the scans, which made scoring more subtle, and/or the small
nature of this study. Additional studies looking at the consistency of scoring pathologies
on 3D scans of human remains need to be conducted in order to determine if researchers
can consistently gather data from 3D scans.
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CHAPTER I – INTRODUCTION
In the field of bioarchaeology, many researchers face the same problem, small
sample sizes. Factors ranging from the location, size and level of preservation of the
physical collections as well as current and future repatriation efforts all contribute to
researchers having fewer individuals to study than desired. However, new
anthropological research pertaining to the digitization of these collections may help to
eliminate many of the factors pertaining to small sample size in the future. Though the
idea of creating fully digital collections may seem idealistic and unattainable, the current
use of three-dimensional (3D) laser scanners in bioarchaeological research may soon
make this scenario into a reality for all researchers.
Though 3D laser scanners were initially developed for use in the manufacturing
industry, various fields have adopted the use of this technology for their own benefit. The
field of anthropology is no different. Over time, anthropological research projects have
evolved from minor uses of the technology, such as the recreation of a single artifact, to
complex uses such as the project “3-D Digging at Catalhoyuk” which aims to use 3D
technology to create a virtual replica of the site and the excavation process (Forte et al.
2012).
While research involving 3D scans thrived in anthropology subfields like
archaeology, it remained fairly stagnant in the field of bioarchaeology. In 2012,
Kuzminksy and Gardiner published an article where they searched the American Journal
of Physical Anthropology for publications pertaining to 3D scanning. They initially found
54 such articles, but upon further analysis, they discover that only five articles concerned
3D scanning and bioarchaeology. They discuss how these five articles were aimed at
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specialists in the field creating further discord between specialists and novices in the field
because novices did not have a comprehensive guide to follow (Kuzminsky and Gardiner
2012). Because of their results, Kuzminsky and Gardiner developed an easy and
comprehensible guide to 3D scanning methods so non-specialists in bioarchaeology and
museum workers could understand how to use this technology correctly in regard to
bioarchaeological research (Kuzminsky and Gardiner 2012). Thus, they created an
important resource in bioarchaeological 3D scanning research to help make this field
more accessible, and it appears their efforts have paid off. Now a web search of
bioarchaeology and 3D scanning yields over 1500 articles. Even more, Bibliowicz et al.
(2011) are building a database of human bone using laser scanners to attempt to make the
first openly available curated collection of digital human skeletons.
This digitization of skeletal remains to create an online collection is not limited to
Bibliowicz et al. (2011). Additional institutions are utilizing this technology to create
digital collections. For example, the 3D Program in the Smithsonian Institution’s
Digitization Program Office (dpo.si.edu) is attempting to use scans as a means to diffuse
knowledge. They have digitized a wide variety of artifacts including bioarchaeology
samples such as the remains for Captain Gabriel Archer, an early leader in the Jamestown
settlement (Johnson 2015). In addition, researchers at Bradford University, the Museum
of London Archaeology, and the Royal College of Surgeons of England built a website
called Digitised Diseases as an online resource that includes 3D models of bones with
different pathologies from both archaeological and historical medical collections
(Digitised Diseases 2019). These online collections are accessible to the general public
and thus could be used to help to eliminate sample size issues in the field.
2

As seen with the Digitsed Diseases example, researchers are now utilizing 3D
laser scanning as a means to show and study pathologies found on skeletal remains. One
of the reasons Bradford University launched this program was to preserve bones with
pathologies because the associated lesions often make the bones more fragile and thus
more easily damaged with extensive academic research being conducted on them.
Though this project is impressive, many of the 3D models presented on the website show
only the most severe cases of different pathologies. While having these extreme cases is
beneficial in helping users with diagnosis, it does make it difficult for users to note less
extreme cases of pathologies. Their lack of creating 3D models with less severe
pathologies raises the question of whether or not these less severe cases are able to be
scanned easily or satisfactorily with 3D laser scanners. It also further raises the question
of whether or not researchers can consistently glean the same data from 3D scans of less
severe manifestations of different pathologies.
Robezido tackles some of these questions in her 2016 thesis, “The Identifiability
of Osteological Traits on 3D Models of Human Skeletal Remains.” For her project, she
created 3D models of a single cranium with cribra orbitalia and a single metatarsal with a
healed fracture to test qualitative standards of 3D modeling. She concluded that though
some of the traits she was examining were identifiable, overall the models had
“considerable distortions and loss of features” (Robezido 2016, 73), which she interprets
as researchers need to establish a set of standards specifically developed for evaluating
3D models in bioarchaeology and related subfields (Robezido 2016, 73). Thus, her results
exhibit promises in the field, but raise the question of if traditional scoring methods can
be utilized in 3D analysis of skeletal remains.
3

However, other researchers have received different results when attempting to
utilize methods traditionally used on dry bones on 3D models. Villa et al. (2013) explored
the use of the Suchey-Brooks method for determining age estimations through examining
the auricular surface of the pubic bone, looking at both intra-and interobserver agreement.
Though they concluded that the best interobserver agreement was found using the dry
bones, the laser scanner produced models had the best agreement for the different 3D
models. They concluded that the Suchey-Brooks method can still be used on 3D models,
but with reduced accuracy in comparison to the dry bones (Villa et al. 2013, 163).
Though they do suggest that additional studies should be conducted which look at new
methods for gathering data from 3D models, they argue that this standard method utilized
on the dry bone is sufficient on 3D models created from laser scanners (Villa et al 2013,
163).
Though great strides in the expansion of this research have taken place, there is a
lack of studies that evaluate consistency of data that researchers can glean from these new
digitization methods. And this void in the field of bioarchaeology has shaped the design
of this thesis to focus on the consistency of data that researchers can gain from 3D
models of human skeletal remains. This project attempted to add to the growing narrative
by examining the consistency of data gathered by six researchers of varying levels of
bioarchaeological experience using traditional dry bone methods on 3D scans of a
commonly occurring cranial lesion associated with anemia. It sought to explore the
factors that might affect this consistency, including level of expertise and severity of
lesion expression. The findings should contribute to solutions to anticipated issues as
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organizations move to fully digitized collections and help eliminate some of the small
sample size problems facing researchers in the field of bioarchaeology.
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CHAPTER II – LITERATURE REVIEW
Over the last 20-30 years, the field of bioarchaeology has begun a digitization
revolution. The United Nations Educational, Scientific, and Cultural Organization,
UNESCO, defines digitization as “the creation of digital objects from physical, analogue
originals by means of a scanner, camera, or other electronic device” (UNESCO cited in
Hassett 2018, 232). In bioarchaeology, this revolution creates digital bioarchaeology data
which are “any data that represent human remains in a digital format” (Hassett 2018,
233). Hassett divides this concept into two further categories with the first one focused on
the text-based data such as spreadsheets and the second dealing with digital images of
human remains including both 2D and 3D models (Hassett 2018, 233). The latter has
expanded greatly in this revolution, especially with the introduction of desktop and
portable laser scanners. Now web-based searches in browsers like Google Scholar with
the key terms bioarchaeology and 3D scanning yield thousands of results. This chapter
will review this new technology as well as a commonly observed pathology, porotic
hyperostosis, which are both being examined in this research project.
3D Modeling
According Robezido, “Digital 3D models are mathematical representations of the
objects (real or imaginary) in 3D space” (2016, 13). The two most common model types
seen in bioarchaeology and osteology are volume modeling and surface modeling.
Volume modeling allows the researchers to study both the volume and internal structure
of the scanned object. A prime example can be created through the use of computed
tomography (CT). These scanners create 3D models through the combination of 2D
radiographic images of the object taken from multiple angles. Other versions of volume
6

modeling technology include Magnetic Resonance Imaging (MRI) and terahertz imaging
(Allen et al. 2011;Buikstra 2010;Colongue et al. 2008;Faccia and Williams 2008
Ohrstrom et al. 2010; Panagiotopoulous 2009; Saitou et al. 2011 as cited in Kuminsky
and Gardiner 2012, 2744). These methods are often associated with other fields of study,
such as medicine, and are both expensive and stationary. Consequently, these factors
have limited bioarchaeologists in creating 3D scans of human skeletal remains.
The second type of modeling, surface modeling, creates a 3D model of the surface
of the object being digitized (Robedizo 2016, 14). The most common type is the polygon
model which combines vertexes, edges and faces to create the 3D images (Robedizo
2016, 14). This type of modeling can be further broken down into two categories: imagebased modeling and scan-based modeling. Image-based modeling, such as
photogrammetry, uses photographs of the desired object taken from a digital camera and
combines these images together to create a 3D model. Though this technique is relatively
new compared to some of the volume modeling methods, it is portable and much more
affordable, making it ideal for use in the field of bioarchaeology (Agisoft PhotoScan
2016; CHI 2015; Cignoni et al. 2014; Sulaiman 2012 as cited in Robedizo 2016, 14-15;
Weber 2014, 2015).
Scan-based modeling, on the other hand, connects a series of 2D scans of an
object together to create a 3D model (Robedizo 2016, 14). This technology, originally
designed for the manufacturing field, has been quickly adopted by anthropologists
(Kuminsky and Gardiner 2012, 2744-2745). Portable laser and desktop scanners are used
to create these scan-based models, and the prices of these scanners range from less than
$5,000 to more than $50,000, making them much more affordable for museums,
7

universities and other research institutions to obtain (Kuminsky and Gardiner 2012,
2745). For example, the current model of the NextEngine 3D Scanner Ultra HD (2019) (a
newer model of the 3D scanner used in this research project) costs approximately $2,995
(NextEngine 2019, http://www.nextengine.com/products). This new-found affordability
and portability with 3D scanners have opened new doors to studying human skeletal
remains.
In conjunction with the affordability of these scanners, many researchers have
also noted many additional advantages when it comes to creating 3D models of human
skeletal remains. Bibliowicz et al. (2011) describe how these models allow for the study
of remains without having to handle them, thus preventing damage to fragile bone
specimens. The project Digitised Diseases, a digital archive created at the University of
Bradford, also notes that some of the most studied bioarchaeological specimens are those
with pathologies which causes them to be the most fragile specimens to study (Digitised
Diseases (June 1, 2019) http://www.digitiseddiseases.org/diseaseclassification.php).
Thus, creating 3D models allows researchers to study pathologies without affecting the
integrity of the bones. In addition, digital models require less physical storage space
(though they use a lot of digital storage space). These digital models also can allow
researchers to perform calculations and measurements on the 3D model without having to
have access to the physical remains (Bibliowicz et al. 2011, 2), which opens the
possibility of having access to collections that are not otherwise easily accessible due to
collections policies, remote locations, and repatriation efforts. Similarly, these scans can
be used to create 3D printed models, which can be used to reconstruct broken or missing
portions of bones, and to provide a nondestructive means of hypothesis testing (Robedizo
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2016, 15-17). In addition, they are permanently available which permits for easy data
exchange and increased sample sizes for some research projects and allows for an
increase in the reproducibility of experiments and measurements (Villa et al. 2013, 158;
Weber 2014, 4).
Though there is a plethora of benefits related to the creation of 3D models of
skeletal remains, there are also unique problems associated it. With desktop and portable
scanners, only the surface of the object is scanned, which limits the evaluation of the
digital model of the human skeletal remains to the external surface. Capturing the internal
structure of the remains in a digital format requires alternative devices such as the costly
and often difficult to access CT scanner. In addition, creating scans of certain types of
bones is often challenging. When scanning trabecular bone, many researchers struggle to
maintain the integrity of the surface. Also, reflectivity and the color of the object can
create noise in the scans which can eventually lead to holes in the final product. Bones
that have been bleached from the sun and dentition often have problems with reflectivity
and color. Finally, high resolution scans often take a long time versus what is required for
lower resolution scans (Wilson. Holland, and Sparrow 2017, 125).
Aside from some of the tangible problems associated with the creation of scanbased 3D models of skeletal remains, easily comprehensible studies focused on
methodologies related to 3D modeling, until recently, have been lacking in the field of
bioarchaeology. In Kuminsky and Gardiner’s 2012 study, (which closely followed a
study done by Viscosi and Cardini in 2011), they examine articles published in the
American Journal of Physical Anthropology to determine how many publications had
information about laser scanning methods in their abstracts. Their initial results indicated
9

that 54 articles were related to 3D laser scanners, but only five specifically had
information about 3D scanning methods in their abstracts (Kuminsky and Gairdner 2012,
2745). In addition, they noted that the majority of these articles were tailored to experts,
making it difficult for the general public to understand them (Kuminsky and Gardnier
2012, 2745).
Though Kuminksy and Gardiner’s study demonstrates the lack of comprehensible
information on 3D laser scanning in the field of physical anthropology, they provide in
the second half of their article a comprehensive guide to the use of portable laser
scanners, specifically focusing on the NextEngine Laser Scanner (Kuminsky and
Gardiner 2012), thus helping to bridge this gap in comprehensible information. Similarly,
Robedizo (2016) includes an appendix which demonstrates her workflow in the creation
of 3D scans of a cranium and a metatarsal using scan-based modeling, image-based
modeling, and a model combining geometry from scans with texture from pictures. These
publications provide an easily understood foundation for those new to the digitization of
bioarchaeological materials to build upon.
In the subsequent years, numerous new articles have been written and websites
have been designed which merge bioarchaeology with portable laser scanners and
demonstrate the broad range of uses that this technology can have in the field. These
studies range from elaborate projects such as Bibliowicz et al. (2011), which focuses on
the creation of a collection of digital bone samples open to the general public (2011, 2),
to the “3-D Digging at Catalhoyuk” project that began in 2009 in which the researchers
utilized different forms of 3D technology to document all of the stratigraphy for specified
areas of the site to create a virtual model (Forte 2014, 1-4).
10

Other studies are looking at how accurately researchers can gather data from
these 3D models. A prime example of this can be seen in Villa et al. (2013), which
examines the reliability of researchers using the Suchey-Brooks (1990) and Buckberry
Chamberlain (2002) methods of age estimation from 3D scans of innominates. In this
study, they conducted three tests with seven observers. Test one examined the intraobserver agreement between scores on the dry bone, CT-scan and 3D laser scan for each
pubic symphysis while the second test examined the interobserver agreement with the dry
bone, CT-scan and 3D laser scan. The third test examined the interobserver agreement
between the CT-scan and the 3D laser scan (Villa et al. 2013, 159). The results of this
study revealed that the dry bones yielded the most agreement with moderate and
substantial interobserver agreement for the pubic bone and auricular surface respectively
following the Landis and Koch (1977) guidelines for kappa statistic agreement (Villa et
al. 2013, 159). When comparing the agreement between the data sets, the 3D laser scans
versus the dry bones had a higher agreement than the CT scans versus the dry bones
(Villa et al. 2013, 159-160). Though both the CT scans and the laser scans results fell into
the fair category for the pubic bone, for the auricular surface, the results for the laser scan
fell into the substantial category while the results of the CT scans fell into the fair
category (Villa et al. 2013, 159). They believe that the laser scans have a higher
resolution than the CT scans and are able to replicate the morphology of bone features
better (Villa et al. 2013, 162). Though the results indicate that agreement is stronger on
dry bones, their results indicate that 3D models created with laser scanners are beneficial
when the dry bone is not readily available. In addition, they argue that some traditional
scoring standards used on dry bones, such as Suchey-Brooks, can indeed be applied to
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laser scanned 3D models with less accuracy than the dry bones while others, like the
Buckberry and Chamberlain, are more difficult to use on the 3D images (Villa et al, 2013,
163).
Another area where this technology has expanded in the field of bioarchaeology is
in the study of paleopathology. Robedizo (2016) examined multiple aspects of 3D
scanning to determine the representation and identifiability of six morphological traits on
a cranium and a metatarsal. She used both image-based modeling and scan-based
modeling to analyze these traits (Robedizo 2016, 51-54). One of these traits was the
pathology cribra orbitalia, which appears as porosities on the surface of the orbital roof
and are often associated with anemia (Roberts and Manchester 2007, 229). Though the
identifiability of this trait was low, it did show promise in the 3D scanning and modeling
of lesions. In another study, Morgan (2014) examined the diagnostic application of
micro-CT to paleopathology by scanning crania with porotic hyperostosis, another
condition manifesting as porosities but this time on the cranial vault (see below for
further discussion), and examined intra-and interobserver error. By looking at the
trabecular bone, Morgan was able to compare the 2D images to the 3D image and noted
that that was poor observer agreement on the 2D scans. She also noted that the predicted
values for both methods were less than expected and that a custom 3D model had higher
rates of intra-and inter-observer agreement (Morgan 2014).
These studies demonstrate the potential of using digitization and 3D modeling to
study pathologies on skeletal remains and how the advantages of this technology include
affordability, preservation of dry bones, easy data access and exchange, reproductivity,
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nondestructive hypothesis testing. However, it is evident that issues in the evaluation of
these scans specifically in paleopathology remain.
Porotic Hyperostosis
Porotic hyperostosis is a commonly observed pathology seen in skeletal remains.
It is defined as “bone lesions of the skull affecting the outer compact layer of bone and
the middle layer, or diploe. The normally smooth, dense compact bone is pierced by
small holes of varying size and frequency, and the diploe is increased in thickness”
(Stuart-Macadam 1992, 151). Porotic hyperostosis has been seen in skeletal populations
in both the Old World and New World (Mensforth 1978, 7).
Proposed Causes for Porotic Hyperostosis
Multiple theories have emerged to discuss the etiology of porotic hyperostosis
which often include an association with certain forms of anemia, an observation first
made independently in 1929 by researchers Moore and Williams. Hooton also noted that
radiographs with these lesions were similar to radiographs of current patients who were
suffering from anemia (Stuart-Macadam 1992, 154). Stuart-Macadam furthered this
research by conducting a study that compared the radiographs from current anemia
patients and those with porotic hyperostosis archaeological contexts. She noted that both
bones had a “hair-on-end” trabeculation and other similar changes to the bones (StuartMacadam 1992, 154).
Some researchers argue that porotic hyperostosis could be caused by thalassemia,
which is a form of hereditary anemia that causes abnormalities in hemoglobin structures.
There are two major types of thalassemia: alpha and beta. Alpha type thalassemia causes
the body to be unable to synthesize the alpha chain in the hemoglobin structure. This
13

form of genetic anemia tends to be found in countries such as India, Thailand, Malaysia,
and China (Ortner and Putschar 1981, 251). In contrast, beta thalassemia occurs when the
body cannot synthesize the beta chain found in hemoglobin (Ortner and Putschar 1981,
251). This type of thalassemia was noted in Angel’s innovative 1966 article where he
connects the presence of this form of anemia to Mediterranean populations as well as to
the presence of malaria. He claims that thalassemia remains in the population because it
forms a balanced polymorphism with the malaria, thus providing protection to those who
are heterozygous from contracting malaria (Angel 1966).
In addition to creating lesions on the cranial vault, thalassemia can affect the
facial bones, such as the maxillae, zygomatics and sinuses (Ortner and Putschar 1981,
253). These bone changes potentially lead to dental problems such as uncommon
eruption of teeth in children (Ortner and Putschar 1981, 253). In addition to the facial
bones, other skeletal effects associated with major thalassemia include an increase in the
diameter of the ribs as well as the expansion of both the pelvis and scapula. This form of
anemia may also cause cupping and shortening of some vertebrae (Ortner and Putschar
1981, 253). Lastly, thalassemia may also cause can increase in the diameter of the
nutrient foramen on the femurs (Ortner and Putschar 1981, 253).
There are multiple other varieties of heritable anemia which some researchers also
believe may be linked to the development of porotic hyperostosis including sickle cell
anemia. Sickle cell anemia is a form of genetic anemia when the individual is
homozygous dominant for the sickle cell trait (SS). Individuals who are heterozygous
(AS) are considered to have the sickle cell trait without the anemia (Ortner and Putschar
1981, 254). This type of anemia is mainly found in African populations as well as a few
14

Mediterranean populations such as those in Italy, Greece, and Armenia (Ortner and
Putschar 1981, 254). In those suffering from the condition, red blood cells become sickle
shaped due to abnormal rates of hemoglobin in the cell (Ortner and Putschar 1981, 254).
This crisis causes an increase demand for red blood cells. In addition, these sickle shaped
cells often lead to obstructions in the blood vessels due to their abnormal shape (Ortner
and Putschar 1981, 254).
Hershkovitz et al. (1997) investigated skeletal remains of a six-year-old from the
Cleveland Museum of Natural History housed in the Hamann-Todd Collection who
suffered both from splenomegaly and central thrombotic phenomena as well as sickle cell
anemia (Hershkovitz et al. 1997, 214). They used both macroscopic observations as well
as x-rays to examine these remains. Then they compared their results to a control group
of 24 set of juvenile remains from the Hamann-Todd collection and 26 sets of juvenile
remains from the Department of Anatomy and Anthropology at Tel Aviv University
(Hershkovitz 1997, 214). In addition to porotic hyperostosis, some of the major skeletal
differences Hershkovitz and colleagues noted were that the posterior calcaneus and the
articular surface of the metacarpals had distinctive lesions. They also noted that the
inflating of the calvarium may be an indicator for sickle cell anemia (Hershkovitz et al.
1997, 224).
Congenital spherocytic anemia is another genetic anemia which can affect the
membrane of the red blood cells (Iolascon, Avvisati, and Piscopo 2010, 138). This
anemia is the most common form of hemolytic anemia and is mainly found in Northern
European populations. It affects approximately 1 in every 2,000 individuals (Iolascon,
Avvisati, and Piscopo 2010, 138). Though the severity of the anemia can vary from
15

asymptomatic to life threatening, families with the genetic trait tend to have similar
symptoms. However, these symptoms may vary if an individual in the family has an
additional mutation in one of the five genes responsible for the creation of cell
membranes, skeletal proteins and/or proteins that connect the cell membrane to the
skeletal proteins (Iolascon, Avvisati, and Piscopo 2010, 139-140).
Though it is possible to diagnosis congenital spherocytic anemia in a modern
clinical setting using family histories, blood smears, and indirect tests of the red blood
cells, these tests cannot be performed on skeletal material (Iolascon, Avvisati, and
Piscopo 2010, 140). Instead, bioarchaeologists must attempt to diagnosis congenital
spheroctyic anemia through pathologies visible on dry bone samples. Moseley (1965)
suggests those suffering from this form of anemia may have lesions which he calls
symmetrical osteoporosis (which is commonly referred to today as porotic hyperostosis).
He also notes that these lesions are rare because this type of anemia, even when
untreated, is “relatively benign” (Mosely 1965, 139-140). However, there is a greater
likelihood for skeletal changes to occur if an infant or child affected. This skeletal
response in these cases mainly just affects the diplöe of the bone (Ortner and Putschar
1981, 257).
In addition to sickle cell anemia, thalassemia, and hereditary spherocytosis
anemia, megaloblastic anemia is another common anemia seen which may produce
similar lesions. Megaloblastic anemia is associated with macrocytosis which causes the
red blood cells in the body to become enlarged (Aslinia, Mazza, and Yale 2006, 236).
These abnormally large red blood cells cannot divide like normal red blood cells, thus
leading to premature cell death. This increase in red blood cell destruction triggers a
16

bodily response to create more red blood cells. This overproduction of red blood cells
leads to the expansion of the bone marrow in the cranial vault in the same manner as is
seen in individuals suffering from thalassemia or sickle cell anemia (Walker et al. 2009,
112). Though these abnormal red blood cells in the majority of cases do not cause
anemia, they indicate an anemia-like etiology for the formation of these red blood cells.
Some underlying issues that can cause this anemia include nutritional deficiencies such as
vitamin B12 and folate, drugs, alcoholism, and bone marrow disorders (Aslinia, Mazza
Yale 2006, 237). Also, factors such as the presence of infectious diseases, gastrointestinal
parasites, diarrheal diseases, and cultural practices related to breastfeeding can explain
the development of porotic hyperostosis in areas where the genetic form of megaloblastic
anemia is not found (e.g., New World populations) (Walker et al. 2009, 114).
An alternative theory for porotic hyperostosis attributes the anemia to a parasitic
infection (Stuart-Macadam 1992). Parasitic infections have been noted to cause anemia in
multiple populations across time and space; these infections were chronic in past
populations around the world due to poor hygiene (Holland and O’Brien 1997). When a
parasite, such as hook worm, enters into a host’s body, it can cause an infection which
can deplete the body of iron or cause large amounts of blood loss, thus resulting in the
host becoming anemic.
Though there are multiple different types of genetic anemias and parasitic models
which may cause porotic hyperostosis, the majority of researchers associate the
development of the condition in New World populations with lack of or insufficient
amounts of iron in the diet. Iron deficiency anemia is the most common form of anemia
today (Walker et al. 2009, 111) with at least 30% of the world’s population affected
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(Roberts and Manchester 2007, 266) and the highest percentage seen in developing
countries (Walker et al. 2009, 924-925). Victims are often plagued with “fatigue, pallor,
headaches, shortness of breath, fainting, palpitations and increased heart rate” (Roberts
and Manchester 2007, 228). The more severe a case of iron deficiency anemia is, the
more developmental and cognitive growth issues develop, along with cardiac failure and
problems with the digestive system (Roberts and Manchester 2007, 228). These
symptoms occur when iron homeostasis, or the balance between iron absorption and iron
storage in the body, is no longer present. Men and women lose and absorb iron at
different rates. Due to menstruation, women in their childbearing years tend to have less
iron stores due to blood loss (Earl and Woteki 1993, 43). Additional factors such as
injury, chronic illness, parasites, and infections can also lead to excessive blood loss and
the eventual development of anemia (Roberts and Manchester 2007, 228).
However, diet is one of the most common origins for the development of irondeficiency anemia. There are two types of iron found in foods: haem and non-haem.
Haem iron is found in red meats and is easily absorbed by the body in high amounts. In
contrast, non-haem is found in vegetables, roots, and cereals and is less likely to be
absorbed by the body, and when absorbed, it is absorbed in much smaller amounts. In
addition, phytates found in foods such as maize also diminish the body’s ability to absorb
iron (Roberts and Manchester 2007, 226).
Though iron-deficiency anemia is commonly cited as the main etiology for
porotic hyperostosis, Walker et al. (2009) challenged this notion. He and his coauthors
argue that iron deficiency anemia cannot cause the expansion of the bone marrow in the
cranial vault which ultimately creates porotic hyperostosis because the marrow expands
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due to an increase in red blood cells to attempt to offset the anemia (or not having enough
red blood cells or hemoglobin in the red blood cells) (Walker et al. 2009, 110-111).
Because iron is needed in red blood cell production, logically not having enough iron
would not allow for the increase in red blood cell production. If there is not an increase in
red blood cell production, then porotic hyperostosis cannot form on the cranial vault
(Walker et al. 2009, 111). Instead, these researchers argue that either a form of hemolytic
anemia or megaloblastic anemia (either genetic or acquired) where the most likely
culprits behind the development of the condition (Walker et al. 2009, 112).
Scoring Standards for Porotic Hyperostosis
In conjunction with the debates over the etiology of porotic hyperostosis,
researchers have also developed and utilized different methods to record and score these
lesions (Stuart-Macadam 1992, 151). The first researcher credited with a description of
the condition was Welcker in 1885 when he described them as “conglomeration of small
apertures in the roof of the orbits or ‘cribra orbitalia’” (Welker 1885 as cited in StuartMacadam 1992, 152). Welcker noted the porosity size and severity of the lesions by
using a scale of weak, strong, and strongest (Welcker 1885 as cited in Jacobi and
Danforth 2002, 249). Hooton in the 1930s studied children and early adolescents from
Pecos Pueblo site and noted how the lesions on the cranial vault and the eye orbits tended
to occur in symmetrical patches (Hooton 1930 as cited in Jacobi and Danforth 2002,
249). In 1978, Mensforth and his colleagues studied subadults from the Libben site, a
Late Woodland Ossuary dating between A.D. 800-1100 (Mensforth et al. 1978, 21-22).
They examined the rates of porotic hyperostosis and periosteal reactions in the subadult
population, categorizing the lesions either remodeled or unremodeled. Remodeled lesions
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were defined as, “typically display a smooth lamellar texture with bone filling of the
peripheral pores. The microporosity so characteristic of the unremodeled lesion is always
absent in the cribriform mesh of the remodeled lesion” (Mensforth et al. 1978, 23) while
they defined remodeled lesions as “usually exhibit sharp and clearly defined margins in
the cribriform structure of the hyperostotic bone; the cribriform mesh characteristically
displays a microporosity visible upon close macroscopic examination” (Mensforth et al.
1978, 23). Schultz (2001) expanded upon this idea of examining the microporosity using
microscopy and provides images and line drawings of ground sections of porotic
hyperostosis caused by chronic anemia and other disease such as scurvy and rickets
improve the diagnosis of the etiology of the pathology in the bones (Schultz 2001,132137). In 1985, Stuart-Macadam created a new scale categorizing severity of the lesions
and scored them “1) light: with scattered fine foramina, 2) medium: large and small
isolated foramina with some of the foramina coalesced to form trabeculae, and 3) severe:
outgrowth in the trabecular structure from the normal contour of the outer bone table”
(Stuart-Macadam 1985, 392).
In 1994, Standards: For Data Collection from Human Skeletal Remains (Buikstra
and Ubelaker 1994) was published to help synchronize bioarchaeological research
practices, including development of scoring standards for pathologies such as porotic
hyperostosis. Buikstra and Ubelaker state that “the goal of following data collection
protocol is not to lead the observer to a specific disease diagnosis, but rather to encourage
data collection sufficient for future scholarship” (1994, 107). Combining and elaborating
on the previously utilized methods in recording porotic hyperostosis, they recommend
that a researcher examine the “frontal, parietal, and occipital bones” for porotic
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hyperostosis (Buiksta and Ubelaker 1994, 121). Then, they recommend following the 0-4
scales noted in sections 6.1.1-6.1.4 in the volume to score the lesions on a scale ranging
from “indistinct porosity” to “coalescing pores in association with expansive changes”
(Buikstra and Ubelaker 1994, 121). Photographs of these lesions and their corresponding
scores are also presented. In addition, they emphasize that researchers should also record
whether or not the lesions were considered to be active lesions (unremodeled lesions) or
remodeled lesions, tying in Mensforth’s 1978 article.
Although the publication of Standards was intended to help standardize
bioarchaeological research, including pathologies such as porotic hyperostosis, these
methods are not flawless. In 2002, Jacobi and Danforth conducted an experiment to “test
the working efficacy of these new standards in scoring replicability of porotic
hyperostosis and cribra orbitalia among evaluators with a range of training human
osteology and then among those with no training” (Jacobi and Danforth 2002, 249). They
used Native American skeletal remains curated at the University of Alabama’s
Laboratory for Human Osteology (Jacobi and Danforth 2002, 250). The results of their
experiment showed that over half of the crania that they asked their participants to score
“had 50% or less agreement, and most of this variation did not involve quibbles between
adjacent categories of severity” (Jacobi and Danforth 2002, 254). They did note that four
of the crania out of the 21 that were evaluated had over 90% agreement on the score, but
these four cases were either extremely severe or extremely mild cases (Jacobi and
Danforth 2002, 254). Based on their results, they concluded that this scoring method does
“not necessarily increase interobserver reliability in the evaluation of porotic hyperostosis
and cribra orbitalia” (Jacobi and Danforth 2002, 255).
21

In addition, Steckel, Sciulli and Rose (2002) have developed a new method of
scoring porotic hyperostosis as part of the History of Health in the Western Hemisphere
Project. This project is designed to develop health index allowing researchers to compare
health status among skeletal remains. Steckel, Sciulli, and Rose incorporated three
factors: “multiple indicators, age adjustment, and severity of skeletal lesions” to measure
health status of skeletal remains (Steckel, Sciulli, and Rose 2002, 61-62). To incorporate
anemia into this formula, they scored the lesions on a scale from 0-3 with 0 meaning
there were no parietals to observe and 3 meaning there were “gross lesions with excessive
cranial expansion and huge areas of exposed diploe” (Steckel, Sciulli, and Rose 2002,
88). Their a new system for scoring porotic hyperostosis has been used for comparing the
health status as part of the Western Hemisphere Project.
Despite the development of new methods, many researchers today still use the
ones outlined in Standards (Buikstra and Ubelaker 1994). And though Standards is an
excellent resource when gathering data on dry bones, there is a lack of studies which
examine the consistency in which researchers collect data on pathologies from 3D scans.
With porotic hyperostosis and its various manifestations being such a common
paleopathology found in the skeletal record, it was an ideal lesion to look at further in this
study. By examining the consistency of intraobservers and interobserver scoring of
porotic hyperostosis from 3D scans, this study was designed to determine if traditional
dry bone methods of analyzing paleopathologies are the best method in determining
gathering data from 3D models. If and when these methods are proven to be accurate,
more inclusive research can be conducted on bioarchaeological remains which can
provide a better understanding of prehistoric and historic health around the world.
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CHAPTER III - MATERIALS AND METHODS
The main objective of this research project was to determine how consistently
various researchers score the severity of porotic hyperostosis from 3D models of crania
from the Tipu skeletal collection through intra and interobserver statistical tests. This
project also examined if this consistency varied based on the level of expertise of the
researchers.
Selection of Observers
Six researchers were selected to participate in the scoring of the 3D scans of
porotic hyperostosis; they were chosen to represent a range of experience in
bioarchaeological research as well has have accessibility to the Biological Anthropology
Laboratory at the University of Southern Mississippi. Two were beginners (had less than
one-year experience in bioarchaeology or a related subfield), two were moderate level
researchers (had between one and three years of experience), and the final two
researchers were experts in the field of bioarchaeology (had more than three years of
experience). Each of these researchers were selected because I knew of their research
background and their experience levels in the field of bioarchaeology. The two beginners
had worked on bioarchaeology projects in the Biological Anthropology Lab at USM. The
two moderate observers had studied bioarchaeology prior to attending USM for graduate
school and were pursuing degrees in anthropology with a focus in bioarchaeology. And
the two expert observers were both professors in the field of biological anthropology.
Before beginning this project, I submitted an Institutional Review Board (IRB)
application to the University of Southern Mississippi (Appendix A). The application was
submitted on April 20, 2018, and an IRB modification form was submitted on May 22,
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2018 due to a slight change in a participant’s availability in the study. Subsequently, each
researcher was given an observer number to organize the data as well as maintain their
privacy (Table 1).
Table 1 Researchers and Their Experience Levels
Observer Number Level of Experience
Observer One

Beginner

Observer Two

Beginner

Observer Three

Moderate

Observer Four

Moderate

Observer Five

Expert

Observer Six

Expert

Selection of the Sample Scored
The skeletal sample selected for this project came from the Tipu collection housed
in the Biological Anthropology Laboratory at the University of Southern Mississippi
since it provided the necessary size, preservation, and accessibility. Tipu, located in
modern day Negroman in west central Belize, was occupied from the Preclassic Period to
contemporary times (Graham, Pendergast, and Jones 1989). The site was forgotten about
until researchers Scholes and Thompson came across the name when looking through
historic Spanish documents focusing on the Maya region during the colonial period, and
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this research and subsequent archaeological testing unveiled the historic mission site of
Tipu (Graham et al. 1989, 1255). Excavations took place between 1980-1987 and
revealed the largest historic Maya skeletal sample to date (Jacobi 2000, 86). Though the
preservation of the remains is uneven, the overall preservation was excellent in relation to
other Maya skeletal remains in this region (Cohen et al. 2004). The majority of the
remains excavated at this site were from the contact and colonial time periods; however,
about nineteen prehistoric remains were also recovered through these excavations (Jacobi
2000, 86). These prehistoric remains were not included in this study.
This collection was also selected because prior research revealed evidence of
stress markers on a portion of the bones. Cohen et al. (1994) examined the rates of
porotic hyperostosis in the individuals from the site of Tipu to see if there was evidence
of anemia in this New World population. They concluded that approximately 36% of the
subadults excavated from the site had lesions. In addition, they noted 19.4% of the adults
also had evidence of these lesions (Cohen et al. 1994, 129). Based on this previous study
and the large collection size, I deduced that there would be ample adult individuals with a
range of expression of stress markers in the Tipu collection.
Using the collection files, I created a list of all those with indicators of porotic
hyperostosis (this includes the original field notes and additional research conducted by
multiple researchers at SUNY and the University of Southern Mississippi on the
collection). For each individual, the age category estimation (adult or subadult), sex
estimation (on the adult individuals only), approximate age estimation (if included in the
records), and what score the previous researchers gave the lesions were recorded.
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Then, I narrowed down the list to only adult individuals (remains with age
estimations over the age of 18)1with evidence of these lesions to expand upon research on
adult skeletal remains with porotic hyperostosis. With this updated list, I then physically
checked each skeleton for the presence of porotic hyperostosis to ensure that the lesions
were porotic hyperostosis and not evidence of similar pathologies such as scalp infections
or scurvy. Next, I rescored all of the remains with evidence of porotic hyperostosis using
both the descriptions and photographs in Buikstra and Ubelakers’ Standards for Data
Collection from Human Skeletal Remains (1994: 120-121, 151-153; Appendix B). Then,
the list was narrowed down to 25 selected crania or crania fragments which were chosen
in an attempt to have fairly an even distribution of levels of severity based on my scores
(with the idea of trying to have more samples with less severe scores), and to decrease the
amount of noise produced in the scans. The sample is listed in Table 2.
Table 2 List of Burials Used in Sample According to Severity of Lesions in Dry Bone
Burial Number
21
32
55
84
136
183
198
200
230
243
270
273
307D
313
322

Age Estimation
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult
Adult

1

Lesion Severity Score
3
1
3
1
3
2
1
1
2
2

2
1

Individual 508 was the one exception to this rule with the previous research age estimation ranging from
16-20 years old
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Table 2 (continued)
324
357
366
393
414
450
502
508
510
512

Adult
Adult
Adult
Adult
Adult
Adult
Adult
16-20
Adult
Adult

2
1
1
1
1
1
2
2
2
2

Preparation of the 3D Scans
Once the samples were identified, I then used a NextEngine 3D Scanner 2020i
(purchased in 2011) to create 3D models of the 25 selected calvaria of with evidence of
porotic hyperostosis (Figure 1). These scans were completed using a modified version of
the methods outlined in Robedizo’s study on “The Identifiability of Osteological Traits
on 3D Models of Human Skeletal Remains.” For her cranial scans, she created a 360degree scan, similarly using a NextEngine 3D laser scanner (Robezido 2016, 33) with the
following settings: Position: 360, Division: 12, Points: 17k, Target: Neutral, Range:
Wide; the element was placed approximately 17 inches from the scanner. Her first scans
took approximately 40 minutes while her subsequent scans took 34 minutes (Robezido
2016, 75).
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Figure 1. Example of 3D Model created in this study
Robezido created three separate scans at different positions for each cranium. She
then imported these scans into the ScanStudio software included with the scanner and
trimmed the images of any unnecessary or extemporaneous material (i.e., portions of the
scanner or the Styrofoam donut that the cranial remains were placed on) (Robezido 2016,
33). She then aligned all three of the scans into a “rough SB model” which was then
inserted into the MeshLab software program (Cignoni 2014; Meshlab 2014) “where it
was cleaned using three cleaning filters to remove remaining noises and unnecessary
parts from the model” (Robezido 2016, 33). Finally, she used the poisson filter to fill in
portions of the scan that the scanner was not able to capture (Robezido 2016, 33).
For this project, I also used the 360 degree scans, with the settings of Position
360, Division 12, Points: 17k, Target: Neutral, Range: wide. Deviating from Robezido, I
placed the cranial remains approximately 6.5 inches away from the scanner using the
optimum range as indicated by the sensor in the ScanStudio software. The smaller cranial
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fragments were placed closer because the scanner was not initially recognizing them
when they were placed further away. Also, I used a combination of a ring and a
partgripper to balance the cranial remains on the turntable of the scanner. Each scan took
roughly 40 minutes to complete. Once each scan was completed, it was saved to the hard
drive of the lab computer.
Some of the crania required multiple scans due to unforeseen issues. One of the
first issues that arose in creating the scans related to the computer itself. If the computer
fell asleep during a scan, the scan would be deleted, thus causing me to have to start the
scanning process over again. To alleviate this issue, I turned the sleep feature off on the
computer. In addition, the overhead lighting sometimes created a glare on the calvarium,
thus creating noise on the scans. To combat this issue, the overhead lights were dimmed.
Finally, some of the calvaria required duplicate scans due to problems meshing the 12
bracket scans together. This problem was most likely caused by the calvarium shifting
when the turntable rotated during one of the twelve bracket scans. To alleviate this
problem, I adjusted the part-gripper and cardboard ring to secure the calvarium and
restarted the scan. Due to the initial issues with scanning, the creation of the scan-based
models took an additional two weeks longer than anticipated.
Once all 25 of the scans were completed, I trimmed each one in the ScanStudio
software (NextEngine 2020) using the polygon trimming tool (Figure 2). Each scan was
trimmed to only show portions of the parietal bones (left or right depending on where the
porotic hyperostosis was present) and the sagittal suture (whenever possible) in an
attempt to prevent remembrance bias for the six researchers. Then each of the trimmed
scans was saved into a separate file from the initial scans. In saving these newly trimmed
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scans, the jpg. files associated with them were also saved in this new folder to preserve
the quality of the scans (when separated, it corrupted the trimmed scans). Then both
folders of scans were also saved on an external hard drive.

Figure 2. Example of trimming scans with polygon tool
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Sample Scoring Procedures
Once all of the scans were completed and trimmed and the IRB approval arrived,
I began the test for intra- and interobserver error by having the six researchers score the
porotic hyperostosis on the scans using the method outlined in Standards (Buikstra and
Ubelaker 1994: 120, 151-153). The first five researchers individually came to the
Physical Anthropology Lab at the University of Southern Mississippi three separate times
over the course of one week to score the scans on the lab computer which contained the
appropriate files. The final participant was mailed the external hard drive onto which had
the scans were copied because their travel time would exceed over one hour to come to
the lab; this individual used their own computer with the ScanStudio software to open the
files remotely. Each of the researchers was provided a copy of Standards and a scoring
sheet (Appendix B), and they were asked to score the scans using the methods detailed in
Standards. The researchers were also given a list (Appendix C) of the order in which to
open the scans and start filling out their surveys. These lists varied each day to attempt to
prevent the researchers from having remembrance bias on any of the scans.
Once all of the researchers scored the scans three separate times over the span of a
week, all of the data was computed into SPSS software to analyze both intra-and
interobserver error. In addition, the data was also entered into an Excel file as a means to
backup of the data as well as allowed additional statistical tests to be analyzed. To assess
level of agreement between datasets, the weighted kappa (Cohen’s kappa) was calculated
following the statistical analysis in Telmon et al. (2005) and Villa et al. (2013)’s studies
using the guidelines of Landis and Koch (1977) with, “<0.2 was considered poor
agreement, 0.21-0.4 fair, 0.41-0.6 moderate, 0.61-0.8 substantial, and more than 0.8 near
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complete agreement” (Villa et al. 2013, 159). These findings are reported in the following
chapter.
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CHAPTER IV – RESULTS AND DISCUSSION
Because this project is designed to look for patterns in replicability of scoring
porotic hyperostosis from 3D scans, 25 scans of porotic hyperostosis were created and
scored by six observers of different experience levels. Of the 25 scans created for this
project, only 21 scans were analyzed in these results. One or more of the observers
incorrectly recorded the scores of four scans and thus they had to be excluded from this
results section. These scans were numbers were 245, 307D, 322, and 510. The results of
the remaining 21 scans were inputted into both Microsoft Excel and SPSS where multiple
statistical tests were performed to determine the rates of intra- and interobserver error.
The results are presented in four sections. The first examines the consistency of
each individual researcher by comparing their results over the three days of analysis. The
second section examines the consistency within each experience group by comparing the
researchers within each experience level. And the third section examines the consistency
of scores between the different experience groups per day. A fourth section is also
included which analyzes the data for each of the 21 scans to determine if there were
patterns that emerged based on qualities of the scans themselves.
One of the main statistical tests used to determine this consistency was the
Cohen’s kappa test, which examines the rate of agreement between two sets of data
beyond that of random chance. I interpreted the results of these Cohen’s kappa test by
using the guidelines featured in Telmon et al. (2005) and Villa et al. (2013); these
guidelines in turn were based on those of Landis and Koch (1977) study, in which “<0.2
was considered poor agreement, 0.21-0.4 fair, 0.41-0.6 moderate, 0.61-0.8 substantial,
and more than 0.8 near complete agreement” (Villa et al. 2013, 159) (Table 3). These
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results were rounded to the nearest hundredth. In addition, the percent agreements were
also included in this analysis to serve as a comparison with the Cohen kappa results and
they were rounded to the nearest hundredth.
Table 3 Landis and Koch Levels of Agreement for Values of Cohen’s Kappa Statistic
Cohen’s Kappa

Level of Agreement

<0.2

Poor

0.21-0.4

Fair

0.41-0.6

Moderate

0.61-0.8

Substantial

>0.81

Near Complete

Intraobserver Agreement Results
To begin analyzing the data, I examined the intraobserver data first. A large degree
of variation was seen in the levels of intraobserver agreement among the six observers.
When the Cohen’s kappa test was conducted on Observer 1’s scores (Table 4), the results
indicate that the highest consistency in Observer 1’s results were between Day 2 and Day
3 and the lowest consistency was between Day 1 and Day 3. Interestingly, when
comparing the results of the Cohen’s kappa between Day 1 and Day 2, and Day 2 and
Day 3, the level of agreement jumped two categories from fair to substantial. Based on
these results, it appears that Observer 1’s scores did vary, but there appears to be decently
high consistency in scores between Day 2 and Day 3 which could indicate that the more a
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researcher is exposed to a 3D scan of porotic hyperostosis, the more likely they will score
the scan then same each time.

Table 4 Observer One Intraobserver Error by Day
Observer One Cohen’s Kappa Level of Agreement Percent Agreement
Day 1 to Day 2

0.239

Fair

47.62%

Day 2 to Day 3

0.610

Substantial

71.43%

Day 1 to Day 3

0.106

Poor

33.33%

In comparison, Observer 2’s kappa values (Table 5) had the highest percent
agreements and Cohen’s kappa occurred comparing the results from Day 1 to Day 2, and
continued to decrease with each test. When the level of agreement changed, it only
decreased by one category unlike Observer 1’s results which increased two levels.
However, Observer 2’s results for Day 1 to Day 2 were right on the lower end cusp of the
substantial level of agreement at 0.611. Unlike Observer 1, the highest agreement in
scores occurred between Day 1 and Day 2. In contrast to Observer 1, these results could
indicate that observers’ initial scores are more consistent and then vary more as they are
continuously exposed.
Table 5 Observer Two Intraobserver Error by Day
Observer Two Cohen’s Kappa Level of Agreement Percent Agreement
Day 1 to Day 2

0.611

Substantial
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71.43%

Table 5 (continued)
Day 2 to Day 3

0.546

Moderate

66.67%

Day 1 to Day 3

0.417

Moderate

57.14%

For Observer 3, kappa values (Table 6) showed the highest consistency occurred
when comparing Day 1 and Day 2 results and the lowest was comparing Day 1 to Day 3
results. The results changed two level of agreement categories when comparing Day 1
and Day 3. Observer 3’s results reflect those of Observer 1 which could indicate that the
more a researcher is exposed to 3D scans, the more consistent they are in their scoring.
Table 6 Observer Three Intraobserver Error by Day
Observer Three Cohen’s Kappa Level of Agreement Percent Agreement
Day 1 to Day 2

0.558

Moderate

71.43%

Day 2 to Day 3

0.639

Substantial

76.19%

Day 1 to Day 3

0.332

Fair

57.14%

In comparison, the kappa value for Observer 4’s results (Table 7) decreased in
consistency over the days similar to Observer 2’s data. And, like Observer 2, the results
comparing Day 1 to Day 2 were right on the cusp between the substantial and moderate
level of agreement category. Also, like Observer 2, the highest agreement and kappa
value occurred comparing Day 1 to Day 2 which could indicate that for this observer,
they were more consistent scoring the scans at the beginning of the study than later on.
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Table 7 Observer Four's Intraobserver Error by Day
Observer Four Cohen’s Kappa Level of Agreement Percent Agreement
Day 1 to Day 2

0.605

Substantial

76.19%

Day 2 to Day 3

0.543

Moderate

66.67%

Day 1 to Day 3

0.431

Moderate

57.14%

When comparing Observer 5’s Day 1 and Day 2 results (Table 8), the kappa value
was in the fair category, but when comparing Day 2 and Day 3 results, the kappa value
was in the substantial category meaning that the results jumped two level of agreement
categories. The kappa value when comparing Day 1 and Day 3 results fell into the fair
category. Like Observer 1 and Observer 3, this researcher’s score increased at the end of
the study, indicating that this researcher became more consistent in their scores the more
they were exposed to the scans.
Table 8 Observer Five's Intraobserver Error by Day
Observer Five Cohen’s Kappa Level of Agreement Percent Agreement
Day 1 to Day 2

0.305

Fair

57.14%

Day 2 to Day 3

0.720

Substantial

80.95%

Day 1 to Day 3

0.361

Fair

57.14%

Finally, Observer 6’s kappa values (Table 9) varied. When comparing the results
for Day 1 and Day 2, the Cohen’s kappa fell into the moderate category, but when
comparing the results between Day 2 and Day 3, and Day 1 to Day 3, the Cohen’s kappa
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fell into the fair category. The results for all of the statistical tests were decreasing and
the level of agreement only changed by one level of agreement when comparing the
results. Observer 6’s results were like that of Observer 2 and Observer 4, where they
were most consistent at the beginning of the study than at the end of the study indicating
that their initial scores were more consistent than their later scores.
Table 9 Observer Six Intraobserver Error by Day
Observer Six

Cohen’s Kappa Level of Agreement Percent Agreement

Day 1 to Day 2

0.486

Moderate

61.90%

Day 2 to Day 3

0.346

Fair

52.38%

Day 1 to Day 3

0.291

Fair

47.62%

When assessing the role of experience by comparing the overall Cohen kappa
values (or the rates of agreement beyond that of random chance) of each of the individual
researchers’ results, Observer 5 had the highest Cohen’s kappa value among all of the
other researchers. This result is not unexpected because Observer 5 is one of the expert
researchers in this study. What is interesting to note is that the other expert observer,
Observer 6, did not have any kappa values that fell in the substantial category. These
results could indicate that one of these two expert observers had more experience scoring
porotic hyperostosis and thus had more consistent scores over the course of this study.
Or, because their kappa values fell into two adjacent categories, it could just indicate that
there were just a few scans in which these two expert researchers slightly disagreed and
thus their kappa values ended in different categories. To further examine this scenario, I
calculated the average kappa score per observer over the three days (Table 10). None of
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the researchers had kappa scores in the substantial category, but four of the six observers
did have scores in the moderate category. Observer 6’s average kappa score fell in the
fair category while Observer 5 average score fell in the moderate category.
Table 10 Average Kappa Score for Each Observer
Observers

Average Kappa Scores

Level of Agreement

Observer One

0.318

Fair

Observer Two

0.525

Moderate

Observer Three

0.510

Moderate

Observer Four

0.526

Moderate

Observer Five

0.462

Moderate

Observer Six

0.374

Fair

When reexamining the data, there were multiple instances where one of the expert
observers would score a scan as a 1 while the other scored the scan as a 4. These extreme
differences on multiple scans undermine the idea that a slight difference in scoring may
have affected the category placements. It could also indicate an issue with the quality of
the scans being examined. These differences in scores may also stem from the fact that
since these researchers are so experienced in scoring porotic hyperostosis, they may not
have utilized the copy of Standards provided for them but rather developed their own
standards based on previous experience.
However, when further examining the results, the idea that experience level is
correlated with the consistency of the researcher’s results started to falter even more.
Observers 1, 2, 3, 4, and 5 all had scores that fell in the substantial category on one or
more of the Cohen’s kappa tests. In contrast, the other expert observer, Observer 6, did
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not have any tests that fell into the substantial category. This disconnect between
experience levels and levels of agreement could indicate that experience level does not
play any role in the consistency of researchers gathering data from 3D models of scans.
Or it could indicate that experience level does not play a major factor in researchers
scoring porotic hyperostosis. This idea is supported by the fact that porotic hyperostosis
is one of the most, if not the most, commonly observed pathology in bioarchaeology and
related subfields. Because it is so common, the beginner observers may have had decent
experience in seeing and scoring porotic hyperostosis even though they had less than oneyear experience in this field (or a related subfield). This early exposure could indicate
that they were comfortable scoring porotic hyperostosis and that the experience level
does not play a major factor in the consistency of scores of porotic hyperostosis.
In addition to Cohen kappa tests being performed on the data of each of the
individual observers, the percent agreement was also calculated for each of the individual
observers. Again, Observer 1 had the lowest value and Observer 5 the highest. The fact
that the researchers with the highest and lowest levels of consistency were the same when
examining the results of the Cohen’s Kappa and the percent agreement indicates that the
results were not skewed by random chance. Even if the Day 1 to Day 3 comparison were
excluded as we did when examining the results of the Cohen’s kappa of each of the
individual observers, the pattern did not change.
The results also demonstrate a lack of consistency in scoring across all three days.
Observer 4 was the most consistent overall, which further undermined the idea that
experience level played a role in the consistency of researchers gathering data from 3D
scans of porotic hyperostosis. Even further, none of the observers had the same level of
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agreement for all three Cohen’s kappa tests. The patterns seen also did not support that
any sort of remembrance bias was occurring in this study. None of the observers had the
same levels of agreement when eliminating the results comparing the data of Day 1 to
Day 3. The majority of the researchers’ levels of agreements only varied by one level
(such as the first results of the Cohen’s kappa fell into the fair category and the second
results fell into the moderate category). The fact that the researchers with the highest and
lowest levels of consistency were the same when examining the results of the Cohen’s
kappa and the percent agreement indicates that the results were not very skewed by
random chance.
To further analyze the possibility that the more researchers were exposed to the
3D scans of porotic hyperostosis, the more consistent they became with their scores, I
examined if there were any patterns over the course of the study with the kappa scores for
the six individual researchers. Half of the observers (Observer 1, 3, and 5) were more
consistent scoring the scans later in the study. In comparison, the other half of the
researchers, (Observers 2, 4, and 6) were more consistent in scoring the scans at the
beginning of the study. It is interesting to note that this divide in consistency of scores
varied across all three experience levels, indicating that the experience level did not play
a key role in this aspect of the consistency of scoring of scans. And, since it was an even
divide, no true conclusion could be drawn at this time with whether or not researchers are
more consistent scoring scans of porotic hyperostosis initially or over time.
In addition, when comparing all of the individual researchers’ results together,
some discrepancies with the percent agreements and kappa values began to emerge. The
two most common percent agreements were 71.43% and 57.14% for the six individual
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researchers. It is important to note that though these percent agreements occurred
multiple times, their kappa values varied slightly enough where they were often placed in
different levels of agreement. With these discrepancies in kappa values, percent
agreements, and level of agreement, it appears that though Landis and Koch’s level of
agreements allow researchers to easily comprehend the results of the Cohen’s kappa tests,
a different standard may need to be adapted for a study like this to address these
discrepancies.
Thus, there appears to be some very mixed results when comparing each of the
six individual researchers’ data over the three days. Though one of the researchers with
the most experience had the highest level of agreement and one of the researchers with
the least amount of experience had the lowest levels of consistency, taking these results
out of context does not paint a clear picture of what is occurring. Observer 1 did have the
lowest kappa, but they also had one of the highest Cohen’s kappa, which counteracted the
idea that level of experience plays a critical role in determining how consistent a
researcher is when gathering data from 3D scans of porotic hyperostosis. Also, a
moderate observer, Observer 4, had the highest average kappa score which further
undermines the idea that experience levels influenced the scoring patterns of the
observers. These results were similar to the conclusions drawn by Jacobi and Danforth
(2002) when they compared researchers observing porotic hyperostosis on dry bones.
They also concluded that the relative level of experience of their observers did not equate
to better agreement among the data (Jacobi and Danforth 2002, 254).
In addition, there appeared to be major fluctuations in the levels of agreements
among all of the observers. Half of the researchers were more consistent in scoring the
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scans at the beginning of the study and the other half were more consistent scoring the
scans at the end of the study. Additional studies with more researchers in each experience
level over more days could help determine if level of experience or remembrance bias
does play a critical role in observers’ consistency in scoring porotic hyperostosis from 3D
scans. Also, additional studies could reveal if a slightly different evaluation for levels of
agreement needs to be created when comparing consistency of researchers scoring
porotic hyperostosis from 3D scans due to percent agreement and level of agreement
discrepancies.
However, when reexamining the data, there were multiple instances where one of
the expert observers would score a scan as a 1 while the other scored the scan as a 4.
These extreme differences on multiple scans undermined the idea that a slight difference
in scoring may have affected the category placements. It could also indicate an issue with
the quality of the scans being examined. These differences in scores might also stem from
the fact that since these researchers are so experienced in scoring porotic hyperostosis,
they may not have utilized the copy of Standards provided for them but rather developed
their own standards based on previous experience.
Interobserver Agreement Results
Interobserver Agreement Within Experience Level
This study also examined the rates of interobserver error within experience levels
by conducting Cohen’s kappa tests and percent agreement tests which compared the
results of the individuals in each of the different experience levels.
As may be seen in Table 11, these results demonstrated that none of the
experience groups had levels of agreement higher than the fair category, indicating a lack
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of consistency between the researchers at each experience level. In addition, there was no
indication when looking at these results that demonstrated a pattern of higher agreement
earlier or later in the study because it was higher with the moderate group and lower with
the expert group.
When comparing the results of the two beginner observers in this study, some interesting
patterns began to emerge. Though low, there was a steady increase in the percent
agreement over the three days which would indicate that the observers were scoring the
scans more similarly the longer the study was conducted. Because of the way the study
was organized with the scans being reshuffled each time observers came to score the 3D
scans, it would have been difficult for them to have shared any crucial data with one
another that could have skewed the data. When just looking at the percent agreement, by
Day 3, the results indicate that the two observers were collecting the same data one-third
of the time. This result could indicate that the rates of consistency within expertise levels
increased the longer the researchers studied the samples. Interestingly when a Cohen’s
kappa test was also performed to determine this rate of agreement beyond random
chance. These results are more surprising. The results of these tests comparing the data
for Day 1 and Day 2 were both the results of both of these Cohen’s kappas was lower
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Table 11 Master Chart of Interobserver Error by Experience Group

Observer Day 1
Level of
Level
Kappa Agreement
Value

Percent
Day 2
Level of
Agreement Kappa Agreement
Value

Percent
Day 3
Level of
Agreement Kappa Agreement
Value

Percent
Agreement

Beginner

-0.72

Poor

14.29%

-0.18

Poor

23.81%

0.114

Poor

33.33%

Moderate

0.042

Poor

33.33%

0.307

Fair

52.38%

0.230

Fair

47.62%

Expert

0.227

Fair

42.86%

0.037

Poor

28.57%

-0.010

Poor

28.57%
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than -0.10; this could indicate that these researchers were gleaning extremely different
data from the scans resulting in agreements less than what would be expected by random
chance. On Day 3, this rate of agreement rose to 0.11, but that would still place the level
of agreement into the poor category. So overall it appears that there was extremely little
consistency between the two beginner researchers in this study.
A different pattern emerged when comparing the results of the two moderate
observers. Unlike the beginner observers, there was not a steady increase in the percent
agreements between these two moderate observers over the course of the study,
indicating a lack of improvement in consistency over the course of the study that was
seen with the beginner observers. The results were also compared using a Cohen’s kappa
test and a similar pattern emerges in comparison to the percent agreement. Unlike the
beginners’ data, all of the values for the moderate observers Cohen’s kappas were
positive but still low. The results for the Day 2 and Day 3 data fell into the fair category
while the results for the Day 1 data fell into the poor category. Based on these results, it
appears that there was more consistency within the moderate experience level over the
three days, but this consistency was still low.
Finally, the data of the expert observers was also compared using the percent
agreement and Cohen’s kappa tests. Having the same percent agreement could indicate
that the expert observing group were more consistent in the data they were gathering
from the 3D scans of the crania. However, this conclusion was not supported when
comparing the results of the Cohen’s kappa. Like the percent agreement, the Cohen’s
kappa for Day 1 was the highest and was placed in the fair category. The results of tests
for Days 2 and 3 would place them in the poor category, and the Day 3 data was negative,
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indicating the rate of agreement was less than what was expected by random chance.
However, this negative Cohen’s kappa did fall within the 0- -0.10 grouping which
McHugh argues can be interpreted as having no agreement. (McHugh 2012, 279). Thus,
the results of comparing the expert researchers final two days of data was similar to that
if each of these researchers just randomly guessed a number to assign each of the 21
scans of porotic hyperostosis.
Based on these results, it is evident that there was poor agreement at all
experience levels. Additional tests need to be conducted to determine if this inconsistency
is due to the nature of this study of looking at porotic hyperostosis from 3D scans or if it
attributed to the small sample size. These results affirm these researchers were having
differences in their scoring patterns which is commonly seen in studies of bioarchaeology
regardless of the medium (scanned or dry bone).
Interobserver Agreement Between Experience Groups
To further examine the interobserver error rates, the Cohen’s kappa values and the
percent agreement between experience groups were compared per day to determine how
consistent the scores were between experience levels (Table 12).
For Day 1, the beginner group had the lowest percent agreement, with the
moderate group having the second highest and the expert group having the highest
percent agreement. This pattern was also reflected in the results of the Cohen’s kappa
with the beginner level having the lowest kappa score and the expert level having the
highest kappa. It is important to note that the beginners did have a kappa value (-0.72)
less than zero indicating results less than would be expected by random chance (McHugh
2012, 279).
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The results for Day 2 were different than Day 1. Again, the beginners had the
lowest percent agreement, but the moderate group had the highest percent agreement with
the expert group falling in the middle. These results are also reflected in the results of the
Cohen’s kappa tests. Like Day 1, the beginner group’s kappa was negative indicating that
the agreement was less than expected by random chance.
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Table 12 Experience Group Data Per Day

Observer Day 1
Level of
Level
Kappa Agreement
Value

Percent
Day 2
Level of
Agreement Kappa Agreement
Value

Percent
Day 3
Level of
Agreement Kappa Agreement
Value

Percent
Agreement

Beginner

-0.72

Poor

14.29%

-0.18

Poor

23.81%

0.114

Poor

33.33%

Moderate

0.042

Poor

33.33%

0.307

Fair

52.38%

0.230

Fair

47.62%

Expert

0.227

Fair

42.86%

0.037

Poor

28.57%

-0.010

Poor

28.57%
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Finally, the results for Day 3 were different than the previous days. When
comparing the percent agreement, the expert group actually had the lowest agreement,
with the beginner group having the second highest, and the moderate group having the
highest percent agreement. Also, unlike the other two days, the results of the beginner’s
kappa test were positive indicating that there was an increase in the consistency on Day 3.
What is surprising is that the expert level had a negative Cohen’s kappa for Day 3
indicating that their results were less than what would be expected by random chance. By
comparing the data of the groups between expertise levels over the course of the three
days, it appears that the moderate group would be the most consistent because they never
had a kappa value that fell into the negative range. However, these the values for all of
the groups were still low which indicates that there was a lack of consistency in the data
collected.
To further analyze the interobserver agreement in this study, I also compared
results of the percent agreement and Cohen’s kappa tests for each of the observing groups
by day to determine if there were any patterns that emerged (Table 13). For Day 1, the
beginner group had the lowest percent agreement, with the moderate group having the
second highest, and the expert group having the highest percent agreement. When
comparing the Cohen’s kappa results, this pattern continued with the beginner group
having the lowest value and the expert group having the highest kappa value. It is
important to note that the beginners did have a kappa value (-0.72) less than zero
indicating results less than would be expected by random chance.
In contrast, the results for Day 2 were different. Again, the beginners had the
lowest percent agreement, but the moderate group had the highest percent agreement with
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the expert group falling in the middle. These results are also reflected in the results of the
Cohen’s kappa
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Table 13 Experience Group Data Per Day

Individual Day 1Level of
Percent
Day 2Level of
Percent
Day 1Level of
Percent
Observers Day 2 Agreement Agreement Day 3 Agreement Agreement Day 3 Agreement Agreement
Kappa
Kappa
Kappa
Observer 1

0.239

Fair

47.62%

0.610

Substantial

71.43%

0.106

Poor

33.33%

Observer 2

0.611

Substantial

71.43%

0.546

Moderate

66.67%

0.417

Moderate

57.14%

Observer 3

0.558

Moderate

71.43%

0.639

Substantial

76.19%

0.332

Fair

57.14%

Observer 4

0.605

Substantial

76.19%

0.543

Moderate

66.67%

0.431

Moderate

57.14%

Observer 5

0.305

Fair

57.14%

0.720

Substantial

80.95%

0.361

Fair

57.14%

Observer 6

0.486

Moderate

61.90%

0.346

Fair

52.38%

0.291

Fair

47.62%
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tests. Like Day 1, the beginner group’s kappa was negative indicating that the agreement
was less than expected by random chance.
In contrast, the results for Day 2 were different. Again, the beginners had the
lowest percent agreement, but the moderate group had the highest percent agreement with
the expert group falling in the middle. These results were also reflected in the results of
the Cohen’s kappa tests. Like Day 1, the beginner group’s kappa was negative indicating
that the agreement was less than expected by random chance.
The results for Day 3 were different once again. When comparing the percent
agreement, the expert group actually had the lowest agreement, with the beginner group
having the second highest, and the moderate group having the highest percent agreement.
Also, unlike the other two days, the results of the beginner’s kappa test were positive
indicating that there was an increase in the consistency on Day 3. What was surprising is
that the expert level had a negative Cohen’s kappa for Day 3 indicating that their results
were less than what would be expected by random chance.
By comparing the expertise levels over the course of the three days, it appears that
the moderate group would arguably be the most consistent because they never had a
kappa value that fell into the negative. However, these the values for all of the groups
were still low, which indicates that there was a lack of consistency in the data collected
for all observers involved.
Assessment of Data for Individual Scans
Though this study focused on patterns of intra-and interobserver error for six
observers, it was important to also examine the scans themselves to see whether they
played a role in scoring. All of the data for each scan was then compiled (Table 14) with
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the average score per day, percent agreement per day, and the most common score per
day to determine if any patterns emerged that could be attributed to the variety of
observers’ scores or whether they might have been related to the scans themselves.
Table 14 Data for Each of the Scans
Scan
s

Averag
e Score
Day 1

Percent
Agreeme
nt Day 1

Most
Commo
n Score
Day 1

Averag
e Score
Day 2

Percent
Agreeme
nt Day 2

Most
Commo
n Score
Day 2

Averag
e Score
Day 3

Percent
Agreeme
nt Day 3

Most
Commo
n Score
Day 3

136
508

2
2.33

50%
66.67%

2
2

2.33
2

50%
66.67%

3
2

1.833
1.67

66.67%
66.67%

1
1

21

2.5

66.67%

3

3.166

50%

3

2

50%

13

32
55

1.66
2.5

66.67%
33.33%

1
14

1.83
1.66

50%
66.67%

2
1

2.67
2.5

33.33%
50%

24
23

84

1.66

66.67%

1

1.83

50%

1

1.5

50%

12

183

2

50%

1

2.67

50%

2

2.67

50%

3

198

2

66.67%

2

2.33

50%

3

1

100%

1

200

3

33.33%

234

2.67

33.33%

134

1.83

50%

1

230
243

2.33
1.833

66.67%
50%

2
2

3.33
2.5

50%
66.67%

4
2

2.33
1.33

66.67%
66.67%

2
1

273

1.833

50%

1

2.33

66.67%

2

1.83

50%

2

313

2.66

50%

3

2.33

50%

2

2

66.67%

2

324

2.83

50%

3

2.17

50%

1

1.67

50%

1

357

2.166

83.33%

2

2.17

50%

1

2.67

50%

2

366
393

1.33
2.33

66.67%
83.33%

1
2

1.67
2.83

66.67%
50%

1
2

2.33
2

33.33%
50%

124
1

414

3

33.33%

234

2.17

50%

2

2.17

66.67%

2

450

2.66

50%

3

1.83

50%

2

2.833

83.33%

3

502

3

50%

4

3

66.67%

3

3

66.67%

3

512

2.83

50%

2

2.33

50%

2

2.5

33.33%

4

When analyzing this data, it was evident that none of the 21 scans had each of the
six researchers score the scans the same across all three days. In fact, only one scan, 198,
had any agreement across all six researchers for a single day. On Day 3, all six
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researchers scored scan 198 as a one in severity. Thus, there was only full agreement by
all six researchers 1.6% of the time. It was also rare to have five out of the six researchers
score the scans the same, occurring only 4.6% of the time. Only three of the 21 scans
(357, 393 and 450) had five out the six researchers scoring them the same on one of the
days (which day varied). It was much more common to have four out of the six
researchers score the scans the same on one day. Four of the six researchers scored the
same on the scans on 20 different days, or 31.75% of the time. Of these 20 times, only
five occurred on the same scan for two or more days. And only one scan, 508, which had
a score of 2. had the same percent agreement 66.67% or four out of the six researchers
scoring the data the same across all three days. This agreement occurred roughly evenly
across all 3 days. This agreement was surprising for scan 508 because it had a severity
score of 2 rather than a 3, running counter to the notion that there would be more
agreement among the most severe cases.
To further analyze the scans, I examined patterns that came from the most
common scores per scan per day. Only four scans, (21, 84, 366, and 414) had the same
most common scan score across all three days. Each of these four scans, however, had at
least one day where at least two scores were tied for the most common, meaning that
there was not true consistently in the most common score over the three days. Fourteen of
the scans had the same most common score two out of the three days and three scans had
different most common scores across all three days.
I also examined the data to see if there were a pattern by the severity of the lesion
represented. Logically, it would make sense that the more severe cases (based on my
preliminary analysis) would have more consistency than the less severe ones based on the
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idea that the higher scores would have more defined porosities and thus would be easier
to identify on a scan. However, this was not the case. For example, the three scans scored
with a severity of 3 (based on my initial examination of the dry bones) using Buikstra and
Ubelaker’s (1994) methodology had a wide variety of results on Day 1. The scores for
those three scans were 2-2.5. Two scans which were less severe, 357 and 393, had a
higher percent agreement and they had a score of 1 on the dry bones. In contrast, on Day
2, one of the scans with a dry bone score of 3 for porotic hyperostosis, scan 55, was tied
with the highest percent agreement by all six observers while the other two scans with a
score of 3 scans were at 50%. These results undermined the logic that the severity of the
scans would increase the consistency of scoring porotic hyperostosis on 3D scans. The
highest percent agreement for Day 3 came from scan 450 which had a score of 1. Thus,
examining the data overall, without factoring aspects such as experience level and
continuity of research data, revealed a lack of consistency of data gleaned from 3D scans
regardless of the severity of the porotic hyperostosis. However, one should also note that
the majority of the scans examined in this study were of dry bones with scores of 1 based
on Buikstra and Ubelaker’s methodology. Only having three scans with a score of 3
might have skewed the data slightly; for example, one of these scans might have not been
captured well or the porosities might have not have showed up well.
During the course of the scoring, each researcher was given the opportunity to
record any comments that they had about the research project or the scans on their
recording sheets. The comments for each scan for each day by each researcher were
compiled to see if the comments for each scan could elucidate any of the scoring patterns
seen. However, only a few researchers left comments and they did not consistently
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comment on each scan on each day. The majority of the comments that were made
consisted of individual researchers’ notes about the porosities coalescing and their
rational for choosing between two different scores. Also, a few of the comments
mentioned that it was difficult to determine if the porosities they were observing were
caused by porotic hyperostosis or taphonomy. This lack of ability to determine the type
of porosities was interesting to note and additional studies discussing 3D scans and the
ability to portray taphonomy changes would be an interesting follow-up research project.
A few of the comments also mentioned the quality of the scans which may have
skewed some of the data. Scan 136 had a comment by a researcher on Day 1 that it had a
“high glossy appearance” which made it difficult for the researcher to assess the score of
the 3D scan. Though this glossiness may have influenced the researchers’ scoring
patterns, no additional comments were made about this scan on that day and none were
made about the appearance of the scan for any of the other days, all of which makes it
difficult to determine if there was an actual issue with the quality of the scan or if there
was a computer glitch that occurred when that researcher opened that scan file. Scan 21
also may have had some issues with its quality. On each of the three days, at least one
researcher commented that the scan had unusual colors on it; this could be an indicator
that there were slight lighting issues when the scan was created and thus could have
skewed the results of this research. In addition, scans 357 and 502 had a comment that
there was a light strip on the Day 1 scan, but there was no mention of this light strip again
on any of the subsequence days. Also, scans 32, 55, 183, and 366 had a least one
comment that the scan was blurry in some aspect; some comments clarified that it was
only blurry if zoomed in.
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These comments about the scans, however, did not play a role in the analysis of
this data for this research project. Because only a few of the researchers wrote comments
on a few scans, any conclusions based on the comments would automatically be skewed.
The comments about the quality of the scans were interesting to note because this
project’s aim was to utilize 3D scanning methods that are designed for beginners to use in
the field of anthropology. These issues might be attributed to my inexperience or could
indicate problems with the computers being used for this project. Though these factors
may have influenced the scans or the researchers’ abilities to score the scans, all of the 21
scans were still used for analysis in this project because only a few researchers mentioned
concerns.
Dividing the results into these sections allowed for further analysis of the data
from the six researchers. The intraobserver results demonstrated that though none of the
researchers had the same level of agreement over all three days, five out of six had
agreement in the substantial category. The interobserver results demonstrated even less
agreement with the results of the kappa tests falling into the poor and fair categories.
Finally, by dividing the results by scan, it was apparent that none of the scans had all six
researchers scoring the porotic hyperostosis the same across all three days and that only
one scan had agreement with all six researchers on one day. And when further analyzing
the data per scan, it was apparent that the severity of scans did not seem to play a role in
the consistency of the data.
Additional Factors Influencing Results
Up until this point, this chapter has only focused on the data of the individual
researchers to determine the rates of consistency in scoring porotic hyperostosis using
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images from 3D scans. However, additional factors apart from the six researchers might
have had a major impact on the results of this project. The first of these additional aspects
might stem from the 3D scans themselves. I created all of the scans, and at the time had
minimal experience in creating 3D digital models. Though extra care was taken to follow
3D scanning and modeling procedures such as those outlined in Kuminsky and Garderner
(2012) and Robezido (2016), the lack of experience might have caused slight deviations
in the scans which in turn caused the details of the porotic hyperostosis to not be as clear
as they could have been if professionally created. The potential effects of this factor were
further supported by some of the comments about the color and qualities of the scans left
by researchers discussed in the last section. However, this lack of experience may be
important because future bioarchaeologists potentially using 3D scans as a means to
gather data may not be experienced in creating such scans either, thereby reflecting a
more realistic aspect of what researchers may face in the future.
In addition, the scans themselves might not have been able to record the
subtleness of porotic hyperostosis, which would decrease the accuracy of the scans and
thus the accuracy of the study. Robezido concludes in her 2016 study that,
“none of the 3D models could represent the morphological traits of the cranium
and the metatarsal bone fully discernably. Some traits were identifiable on some
models or in some respect (geometry or texture, or when applying shaders), but
overall there were considerable distortions and loss of features”
(Robezido 2016, 73). This distortion and lack of features might also have been the case in
the creation of these 25 3D scans of porotic hyperostosis, which could indicate that
scoring porotic hyperostosis on 3D scans using traditional methods may not be feasible.
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Also, the Nextengine scanner used in this study was purchased in 2011 and is not the
most current model. A newer models maybe able to more accurately scan and record the
subtle porotic hyperostosis better than the model used in this study.
Another factor that might have skewed the results was the fact that the 3D scans
were created of crania with porotic hyperostosis at varying severity levels. This variety
might have influenced the ability for the pathology to be recognized by the 3D scanner.
Though the researchers at Bradford University were able to create 3D scans that clearly
show porotic hyperostosis observed on the dry bones, these pathologies were extreme
cases (Digitised Diseases, 2019). In contrast, this project did not use many, if any, severe
cases of porotic hyperostosis because these extreme cases are much rarer than those of
less severe forms of this paleopathology. By having the sample of scans express a
mixture of severity levels of porotic hyperostosis, these less severe cases of porotic
hyperostosis may not have been easily recognized by the scanner because they are so
slight. However, since the majority of cases of porotic hyperostosis seen in
bioarchaeological remains are not extreme cases, these crania were specifically selected
for this project to emulate what a real bioarchaeologists might face in the future when
attempting to digitize collections.
In addition to the sample having a variety of cases of porotic hyperostosis with
varying severity, the fact that all of the individuals in this sample came from the same
collection might have skewed the data. Unlike Jacobi and Danforth’s 2002 study which
used diverse collections for their study, this study only included individuals from the
Tipu skeletal collection. As an example of how this might have affected results, some of
the scans had to be remade due to light reflecting off of bones, as was mentioned in
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Materials and Methods. This was due to the bones themselves being sun-bleached and/or
treated with a preservative, both conditions peculiar to this series and its curation. These
are aspects of digitization that researchers need to be aware.
Also, the computers used for the researchers to score the scans might have also
skewed the results. Five of the six researchers used the same computer located in the
Biological Anthropology Laboratory at the University of Southern Mississippi while the
sixth researcher scored the scans on their own computer; due to distance the scans had
been sent to them on an external hard dive. Having one of the researchers using a
different computer also may have influenced the results of this study if the scans showed
up clearer or more skewed on their computer. If we remove the researcher who used a
different computer, none of the highest or lowest kappas and percent agreements change.
This would indicate that the different computers did not play a major factor in this
project, but it is something that should be considered when comparing data gleaned from
3D scans.
Another aspect of using computers that could have skewed the data stemmed from
the researchers’ comfort levels with both the computer itself as well as the ScanStudio
software. Though each of the researchers was provided the scans and told they could
rotate them and zoom in and out to better observe the pathology, the researchers’
savviness in using both the computer and program might have influenced how they
viewed the scans to better observe the porotic hyperostosis.
Finally, as mentioned in Jacobi and Danforth’s 2002 study, research fatigue could
have also skewed the data slightly in this research project. Each of the six researchers had
to observer 25 separate scans, three separate times all in the course of one week. The
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quantity of scans might have impeded some of the researchers’ focus on the porotic
hyperostosis on the scans and thus might have skewed the overall data.
Overall, the data produced in this study does not demonstrate a strong consistency
in the six researchers scoring porotic hyperostosis from 3D scans. Though some patterns,
such as the highest consistency was seen with an expert observer and the lowest
consistency was seen with a beginner observer, made logical sense, further examination
of the data demonstrated that experience level did not have a significant role in the rates
of consistency. When comparing the data within experience groups, the consistency
dwindled even more. Some of the group comparisons yielded results that had a negative
value indicating that the results were less consistent than would be expected from random
chance. Though additional factors such as the quality of the scans, the ability of the scans
to capture less severe cases of porotic hyperostosis, technology issues with viewing the
scans, and researcher fatigue all could have played a role in the lack of consistency in the
researchers’ results, it is still evident that the results of this study demonstrate a lack of
consistency of researchers gleaning data from 3D scans of porotic hyperostosis.
Additional studies need be conducted that take into consideration these factors before
researchers can conclude whether researchers can consistently score porotic hyperostosis
off of 3D scans.
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CHAPTER V – CONCLUSION
Overall, the data produced in this study does not strongly support the idea that
researchers can consistently glean data from 3D scans of porotic hyperostosis. Though
some patterns such as the highest rates of consistency steaming from an observer in the
most experienced category and the lowest rate of consistency steaming from an observer
in the least experienced group did emerge. Upon closer examination, it becomes apparent
that there was an overall lack of consistency in scoring porotic hyperostosis across the six
observers in the three experience groups. This lack of consistency could indicate that the
scans created by myself were not done properly and thus influenced the observers’
scoring patterns. If this is the case, then it could be argued that the use of 3D modeling
software is not as easy to use as is advertised in bioarchaeology circles. However, this
lack of consistency could also stem from the fact that there were only six researchers who
took part in this study and even though they examined 25 scans, only 21 were ultimately
included in the analysis. This small sample size could have easily skewed the data as well
and made it difficult to draw conclusions about scoring porotic hyperostosis from 3D
models. In addition, this lack of consistency could mean that using methods developed
for studying dry bones may not be applicable to 3D models.
Because there are multiple factors that could have influenced the results of this
study, it is evident that additional investigations need to be conducted with different
methodologies in order to answer the larger question of whether or not researchers can
accurately and consistently score porotic hyperostosis from 3D models. First, a study
looking at multiple researchers scoring severe cases of porotic hyperostosis should occur.
This new study would allow future researchers to determine if dry bone methods used to
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score porotic hyperostosis work for scoring 3D models or if new methods created
specifically for 3D models would need to be developed.
Second, a study in which the researchers scored both 3D models of porotic
hyperostosis and the corresponding dry bones separately should be undertaken. These
scores could be used to determine if a researcher at a certain level was more adept at
scoring dry bones or 3D models as well as would determine if there were any major
patterns occurring such as a researcher consistently scoring either the dry bones or the 3D
models high or low. This would allow the researchers to better be able to see outliers and
determine potential reasons that may be causing them.
Last, a study which investigates 3D evaluation of other pathologies such as cribra
orbitalia would be valuable. Though Robezido (2016) did examine cribra orbiatalia in her
thesis, she did not have multiple researchers gathering data from the 3D scans. By
incorporating additional researchers and having them look at different pathologies as well
as porotic hyperostosis, such studies would be able to demonstrate whether scoring 3D
models of pathologies will always have a lack of consistency or if this lack of consistency
is specifically associated with porotic hyperostosis. It could also help reveal if the sample
size of this study played a major role in the lack of consistency seen in the results.
Though the results in this study do not show much, if any, consistency in the
scoring of porotic hyperostosis from 3D scans, it does not necessarily mean that 3D scans
of pathologies would not be beneficial. These 3D models of porotic hyperostosis could
still help bridge some of the research gaps in bioarchaeology. It could allow researchers
preliminary access to remains which could allow them to determine if the remains are
suitable for their research purposes. In addition, these models would allow students and
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teachers to visually see pathologies if they do not have access to certain pathologies on
dry bones. Also, these 3D models could be converted into 3D printed tangible models for
students and researchers to use to further learn about bone pathologies.
Overall, this study did not show a clear consistency in the scoring of porotic
hyperostosis from 3D scans. Factors such as issues in creating the scans, small sample
size, and lack of severe cases all could have been in effect. However, the future research
studies suggested should be able to provide further insight into the question of the use of
3D technology in bioarchaeology.
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APPENDIX B – Scoring Standards Provided to Participants (Taken from Buikstra and
Ubelaker 1994:151-153)
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APPENDIX C - Order of Scans by Day
Day One
1. 136A trimmed
2. 508 trimmed
3. 21 trimmed
4. 32 trimmed
5. 55 trimmed
6. 84 trimmed
7. 183 trimmed
8. 198B trimmed
9. 200 trimmed
10. 230 trimmed
11. 243 trimmed
12. 245 trimmed
13. 273 trimmed
14. 307D trimmed
15. 313 trimmed
16. 322 trimmed
17. 324 trimmed
18. 357 trimmed
19. 366 trimmed
20. 393 trimmed
21. 414 trimmed
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22. 450 trimmed
23. 502 trimmed
24. 510 trimmed
25. 512 trimmed

Day Two
(please start at cranium 12 on the data sheet for today with the score for scan 245
trimmed recorded on the cranium 12 spot).
12. 245
13. 273 trimmed
14 307 D trimmed
15. 313 trimmed
16. 322 trimmed
17. 324 trimmed
18. 357 trimmed
19. 366 trimmed
20. 393 trimmed
21. 414 trimmed
22. 450 trimmed
23. 502 trimmed
24. 510 trimmed
25. 512 trimmed
1. 136A trimmed
70

2. 508 trimmed
3. 21 trimmed
4. 32 trimmed
5. 55 trimmed
6. 84 trimmed
7. 183 trimmed
8. 198B trimmed
9. 200 trimmed
10. 230 trimmed
11. 243 trimmed

Day Three:
(please start at cranium 21 on the data sheet for today with the score for scan 414
trimmed recorded on the cranium 21 spot).
21. 414 trimmed
22. 450 trimmed
23.502 trimmed
24.510 trimmed
25. 512 trimmed
1. 136A trimmed
2. 508 trimmed
3. 21 trimmed
4. 32 trimmed
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5. 55 trimmed
6. 84 trimmed
7. 183 trimmed
8. 198B trimmed
9. 200 trimmed
10. 230 trimmed
11. 243 trimmed
12. 245 trimmed
13. 273 trimmed
14. 307D trimmed
15. 313 trimmed
16. 322 trimmed
17. 324 trimmed
18. 357 trimmed
19. 366 trimmed
20. 393 trimmed
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